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ABSTRACT \%;%150
Experimental and analytic investigations of axisymmetric Hall
current accelerators are reported. The purpose of the investiga-
tions was to determine the performance potential of such a device
as an electric space propulsion engine. Parametric studies of the
accelerator were made with several propellants, emphasis being
placed upon the tests using hydrogen and sodium. Some diagnostic
measurements on the engine and exhaust beam were made and are re-
ported, the most important being a determination of the current
path in the exhaust beam of the hydrogen accelerator. Mechanisms .
to explain thrust production and other engine characteristics are
postulated and discussed in detail. The concept of an "effective"
mass flow rate, which is determined by a minimum potential hypo-
thesis, is developed to the point where a complete analysis of a
simplified model of the accelerator can be made. Such an analysis
is completed and the results are compared, where possible, with ex-

perimental results. .
ki
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1. INTRODUCTION
The development of the direct current axisymmetric plasma accel-
erator over the past several years has been a technological accomplish-
ment of considerable magnitude. However, the desire to rapidly develop
the accelerator into a practical space propulsion engine has led to an
inordinate emphasis being placed upon obtaining overall performance
comparable to or better than that of ion engines. A comprehensive in-
vestigation of the physical principles which determine the performance
capability of the engine has consequently not taken place. Nor is it
likely, even if a program were initiated to this end, that results of
immediate value would appear because of the multiplicity of mechanisms
and their interdependency. This should not deter us, however, from
developing hypotheses for the mechanisms in the engine and deriving
from these semi-empirical design parameters and criteria for optimizing
the configuration.
A few very general statements concerning the mechanisms which
govern the behavior of magnetic annular accelerators can be made:
1. Thrust is produced by the expulsion of high-velocity ions
from the engine.
2. The ions are produced by collisions between atoms and
energetic electrons throughout the volume of the discharge.
3. The electrical discharge extends a considerable distance
downstream of the electrodes and, hence, transfers most of
the energy and momentum to the gas far from the engine.
Viscous interaction with engine components can hence be
neglected. Thermal conduction effects to all engine com-

ponents other than the cathode can also be neglected.
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4. Since the discharge occurs in a low density environment, most
of the internal energy of the gas can be associated with the
electrons. As the arc current becomes large, e.g., > 1000 amps,
then this may not remain valid, since the high pressures in the
cathode jet could lead to considerable ion heating due to elec-
tron-ion collisions. Similarly, the energy associated with the
body forces exerted on the gas can be associated with the ions.

5. The power transferred to the anode can almost all be attributed
to the energy convected by the electrons as they carry the cur-
rent into the anode. This is especially true when the cathode
tip is flush with the anode face. As the cathode tip is re-
cessed further and further back in the anode cavity, more and
more of the anode heating will be due to conduction from the
hot gas.

6. The solenoidal magnetic field that is applied acts as a magnetic
nozzle for any plasma that is produced by the discharge. That
is, all forms of electron and ion energy (exclusive of ioniza-
tion and radiation) are converted into axial and radial ion
velocities by expansion out of the magnetic field. This indi-
cates that all the electrical power of the discharge can be
converted into beam power except for: (a) The anode and
cathode power loss, (b) The power used in ionizing the propel-
lant.

7. All of the beamenergy cannot be converted into axial kinetic
energy. The ions will have some tangential velocity to bal-
ance the torque produced on the accelerator by the discharge
current crossing the applied magnetic field. There will also
be some radial velocity of the ions due to the shape of the
magnetic nozzle. l

8. A large fraction of the thrust reaction occurs on the magnet.
This indicates that azimuthal currents must be flowing in the

plasma tube.
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The above considerations lead to some well defined design criteria:

1. Raise the arc voltage to as high a value as possible while
maintaining the electron temperature at modestly low values.
This will transfer a large amount of kinetic energy directly
to the ions with good thermal efficiency.

2. Inject the propellant so that it will be ionized in a region
of high potential, i.e., near anode potential. This will
allow the ions to carry some of the current and thus acquire
energy directly from the electric field.

3. Use a propellant of low molecular weight to obtain the best
possible energy transfer characteristics between ions and
electrons. Also pick a propellant with a low first ioniza-
tion potential so the gas can be easily singly ionized with
a minimum power loss. The second ionization potential should
be as high as possible to preﬁent excitation or ionization

of the second electron.

One of the most difficult questions that confronts the experi-
mentalist who is attempting to evaluate the accelerator performance
capability is to define the conditions which will constitute a valid
test. The problem arises because the discharge extends into the wake
an jindeterminate distance. The specific questions are these:

1. How large must the vacuum tank be to insure that the tank
walls do not affect engine performance?

2. What precautions which must be taken to insure that the
mass flow rate in the exhaust beam is equal to or lower than

the propellant injection rate into the accelerator?

Preliminary tests indicated that the size of the tank is not
critical. However, the possibility still exists that in some cases
the tank may limit the size of the discharge, or may actually carry
some of the discharge current over a part of its path. Tests in tanks
of various diameters and lengths have been conducted at EOS and else-
where but the results are still not conclusive because other variables

occurred simultaneously in the tests.
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The problem of determining the ratio of beam particle flux rate
to propellant injection rate is formidable. When tests are being con-
ducted with an alkali metal propellant any one of the following sources
of extra material for the beam exists:

1. Propellant can condense on any cool engine component. When
conditions are altered so that the engine heats up, this
propellant can vaporize and enter the exhaust beam.

2. TIf all of the beam particles do not adhere to the target or
tank walls once they have struck it, then this "backstreaming"
propellant can be ionized and accelerated in the discharge,
resulting in a recirculation of the propellant.

3. If any background gaseous material is present in the vacuum
tank, e.g., air leakage, then this substance can be ionized
and accelerated by the discharge.

4. The heat flux to one or both electrodes can become high
enough to vaporize electrode or insulator material. The
discharge may, once again, ionize and accelerate this

material.

Items 1 and 4 can be controlled by proper design and by exercising
care while testing. By using adequate pumping capacity and sealing
of the vacuum tank, the impurity level of ambient gas can be maintained
adequately low. If necessary, liquid nitrogen liners can be used.
There is real difficulty, however, in determining if the recirculation
of propellant can ever be completely eliminated. The beam itself is
likely to dislodge particles that have condensed in the target area
and these could backstream into the volume of the discharge.

The extent to which any one or several of the above-mentioned
four processes may have had some influence upon performance data that
have been reported elsewhere and in this report is difficult to assess.
Since it is not possible to obtain sufficient detail from reading re-
ports of other work, we shall confine our comments on this subject to
test results reported by EOS exclusively. The most important observa-

tion is as follows.
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When an alkali metal is used as the propellant, it has been found
that increasing the background pressure,by injecting gas into the
vacuum tank, results initially in a decrease of measured thrust and a
consequent degradation in engine performance. In all cases, it has
been found that the performance either remains constant or improves
as the background pressure is reduced below lu. Further discussions

of this problem will be found throughout this report.

isms and performance capability of the accelerator has also proven to
be a very difficult task. A phenomenological theory was developed at
EOS (Ref. 1) which used measured dependencies of thrust and anode
power loss upon the controllable variables to develop relations among
the voltage, specific impulse, and thrust efficiency. Naturally, this
approach did not identify any mechanisms for thrust production or
power losses. A more fundamental approach to the problem is presented
in this report and a complete analysis is carried out for a simplified
model of the accelerator. The significance of some overall conserva-
tion principles is also discussed. ‘
The underlying principle of the analytic approach developed at
EOS is that the discharge will operate in a minimum potential mode.
This follows the accepted approach to studying arc discharge phenomena,
which is assumed to remain valid even when a significant fraction of
the discharge power is transferred directly into kinetic energy of
the ions. This leads to the concept of a critical mass flow defined
as the effective mass flow rate. The ideas behind this concept are
simple. Assume that a discharge is occurring in a vacuum environment
across an electrode configuration where the arc current and applied
magnetic field strength are held constant while the propellant flow
rate through the engine is varied. If the thrust is electromagnetic
in origin, it will not increase appreciably as the flow rate increases.

If the propellant is fully ionized in the discharge, then as the flow
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rate is increased the beam power decreases and the power used to
ionize the propellant increases. These two competing processes
indicate that there will probably be some mass flow rate at which

the power input, or voltage drop will be a minimum. It is then
assumed that the discharge will encompass enough volume to ionize
propellant at just this critical rate, provided enough is available.
If more than the "effective" mass flow rate is injected through the
engine, it is assumed that the excess is not ionized and, hence,
diffuses out of the accelerator unused. If less than the "effective"
mass flow rate is injected through the electrodes, the discharge will
attempt to entrain ambient material to make up the deficit. A con-
siderable amount of the analytic effort presented in this report
revolves around an attempt to compute this "effective" mass flow

rate and to determine the parameters upon which it depends.
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2. PHYSICAL PROCESSES
All electric propulsion engines rely upon two basic processes:
1. 1Ion production

2. 1Ion acceleration

In accomplishing these ends, certain penalties must be paid, which are
usually evaluated in terms of propellant mass utilization and electric
power utilization. The axisymmetric Hall current accelerator, or MPD
arc, accomplishes all of the three processes mentioned above by means
of a dec arc struck between electrodes placed symmetrically in a sole-
noidal magnetic field. However, the measurements that can be made are
such that it is virtually impossible to evaluate propellant mass uti-
lization and power utilization independently. Thus, great simplicity
of design is gained at the expense of great complexity in the inter-
action of the engine operating mechanisms.

One of the features of the MPD arc that appears most baffling to
physicists is the apparently uncorrelated behavior of the arc current
and the ion flux rate. Since the electrons can carry an appreciable
fraétion of the arc current, considerable energy from the electric
field is transferred initially to the electron internal and kinetic
energy, from where it can later be transferred to the ions. This
allows the ions, under some circumstances, to leave the engine with
energies greater than they could achieve by falling through the poten-
fial drop of the discharge. The detailed process by which this can be

accomplished will be discussed in the following paragraphs.
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2.1 Ion Production

The momentum conservation equations indicate that some torque
and force reaction must occur on the engine (see Section 3). For this
to happen, ions must be produced in and expelled from the motor with

axial and angular velocity. The fewer the ions, the higher the result-

ant velocities must be and, consequently, the beam power must be higher.

On the other hand, as the ion production and expulsion rate increases,
the power in ion production becomes very high, hence some ion flow rate
must exist at which the electrical power into the discharge is a mini-
mum. If the arc current is held fixed, this implies that the discharge
seeks a minimum voltage mode in which to operate. The above argument
then indicates that the arc accomplishes this end by ionizing the opti-
mum amount of propellant to expell in the exhaust beam. The key, then,
to explaining the operating characteristics of the engine lies in
determining the optimum ion exhaust rate and in understanding the pro-
duction process for these ions throughout the volume of the discharge.

Previously (Ref. 1), it had been concluded that volume ion-
ization away from the electrode surfaces could not account for all of
the ions produced. At that time, it was assumed that the electron
temperature was about 10,0000K. Since then, data on anode heating
have indicated that the electron temperature may be much higher, e.g.,
~ 30,000 - 50,000°K. This raises the probability of volume ion pro-
duction, through electron atom collisions, to values where it can
account for most, if not all, of the ions used in the exhaust beam.

The atoms are not confined to any great extent by the elec-
tric discharge. Hence the flow field of the gas will be substantially
the same as one would find for the gas issuing from the orifice with
no discharge present. The discharge must now encompass this gas and
adjust the electron temperature and density throughouﬁ its volume so
as to ionize the optimum amount of propellant. Clearly, to get good
propellant utilization, the injected flow rate should be close to the

ion flow rate in the beam. However, in the interest of obtaining best
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overall efficiency, it may be necessary to inject slightly more pro-
pellant than is used by the beam. This would help to restrict the
volume of the discharge and perhaps keep the electron temperature to
lower values, thus reducing power loss by electron energy convection
to the anode.

Since a vast majority of atom-electron collisions are elastic
collisions, the energy used to ionize one atom must be considerably
greater than the ionization potential of the atom. The energy differ~
ence is transferred into the internal energy of the atoms and ions.

If most of the injected mass is eventually ionized, this energy is not
lost but is available to be transferred into beam kinetic energy by
eventual expansion througn the magnetic nozzle. It is obvious, of
course, that this internal energy of the heavy particles can never be
higher than that of the electrons. This argument indicates that the
ionization process need not be efficient. However, the number of
inelastic collisions tnhat excite the electrons to states that can
radiate should be minimized. This is basically a problem of propellant
selection.

The electron internal energy results from the electron current
passing through the potential drop and being randomized by collisions
with heavy particles., For this reason it would be expected that the
highest electron energy would be found in the anode sheath, after the
electrons have fallen through most of the potential drop. This is
fortuitous, since it is precisely in this region that the highest pro-
duction rate is wanted, to let the ions gain a maximum of kinetic

energy by falling through the potential back toward the cathode jet

2.2 Ton Acceleration

Momentum can be transferred to the ions from electric fields
or from collisions with other particles. For convenience, the momentum
exchange processes in a fully ionized gas through which an electric dis-

charge is passing shall be discussed.
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Locally, the force on each ion is given by the following

expressions:
J

z
Axial: [ e I{?z +up By - viB_ - G—}

Jr
Radial: | e |{Er + vy B, - W Be -5

To
. . B - .

Azimuthal: | e ] we Boo-ug Bz - }

If an electric discharge is established in a uniform axial
magnetic field we shall call the region where the current flows down-
stream the anode sheath and the region where it flows upstream the
cathode jet. If a cathode of maximum diameter R, is surrounded by an
anode ring of diameter RA (RA > RC) we ask the questions:

1. Does the cathode jet expand out to meet the anode sheath?

2. Does the anode sheath contract in diameter to meet the
cathode jet?

3. Do both (1) and (2) occur simultaneously?

Consider first the cathode jet. If the cathode jet is to
expand outward, conservation of momentum states that the axial momentum
of the jet must increase and the rotational momentum of the jet must
increase. However, the local (E + v x B) axial and tangential electric
fields are both in the wrong direction to accelerate the ions and the
mementum must hence be transferred to them by electron collisions.
This is a highly dissipative process, resulting in strong heating of
the electrons. This increases the rates of entropy production over
that caused by ijon-electron drag in a purely dissipative plasma (no
body force). |

In the anode jet the situation is quite different. Both
Ez and u Be are in the positive z direction, thus helping to accel-

I
erate the ions axially. The only dissipative or entropy producing
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process is that associated with the electron-ion drag. Similarly, in
the aximuthal direction the local electric field ur Bz aids the Hall
currents in spinning up the ions. This allows the Hall currents to be
smaller and thus dissipate less energy in spinning up the gas to the
required velocity. These rather crude arguments indicate that if the

discharge tends to operate at a minimum potential, then the current

in the anode sheath would tend to move inward to meet the cathode jet,

rather than vice versa.

Further strength is lent to this argument when the radial
force balance on the anode sheath is investigated. Assuming that no
net radial force can exist on the anode sheath as a whole, an integral

of the radial momentum equation gives the following relation:

P, - P; = J J6 Bz dr - J Jz Be dr
; MOIZ
~ [J.B dr = —>—+ (p, - )
6 "z 8n2 R i o

where P, - P; = the pressure difference across the sheath.

R = average radius of the anode sheath.
This equation indicates that Hall currents must exist in the anode
sheath for it to maintain its radial equilibrium. The Hall currents
can be induced, however, only if the anode sheath moves radially

inward across the magnetic field lines, i.e.,

o] Bz
- Je = !e lnI {(-Jr) + }e ‘nI u}

From tne above discussions we postulate a model for the
accelerator as follows when it is operating in a magnetic field that
is initially purely axial and then, at some distance (z > L) downstream,

is made to diverge.
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1. A uniform diameter cathode jet is established which carries
only a small fraction of the injected mass flow rate.

2. An annulus of plasma is established off of the anode face.
The injected mass is accumulated within this annulus. All
of the discharge current passes through the annulus.

3. The average radius of this anode sheath decreases downstream,
"This causes the ions in the sheath to be accelerated
slightly in the axial direction and to be spun up to high
azimuthal velocities., The electrons are simultaneously
heated, mainly by the ion-electron drag in the azimuthal
direction, where the azimuthal electron motion is helping
to spin up the ions.

4, The anode sheath eventually meets the cathode jet at z =L
and the current path is completed. No discharge current
flows at axial positions beyond this point.

5. At positions of z > 1, tne magnetic field acts like a
magnetic nozzle. As the field diverges tne ions are accel-
erated axially by two processes:

a., Conversion of angular momentum requires that as the
jet radius increases, rotational ion energy must be
transferred to axial and radial kinetic energy.

b. The high energy electrons tend to expand out of the
nozzle ahead of the ions, thus setting up a positive
axial electric field that accelerates the ions. In
this manner, all of the energy of the particles in the
beam can be converted into the kinetic energy of the
ions. Obviously, some of tnis energy will reside in
the radial motion with the result that the expansion
will not be 100 percent efficient.

An attempt to analyze the "heating" (constant magnetic field)

region of such a device is made in Section 4 of this report.
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3. INTEGRALS OF THE MOMENTUM EQUATIONS

There are a few cases where the net electromagnetic force in an
axisymmetric body can be computed without detailed knowledge of the
distributions of current and magnetic field. 1In the general case, the
momentum equations must be integrated simultaneously with continuity,
energy, Ohm's laws, Maxwell's equations and the equations of state.
The cases chosen here are such that the integrand (force per unit
volume) can be put into the form of a divergence, by using Maxwell's
equations and simplified momentum equations. These forces can be
integrated in terms of total current, radius, and applied magnetic
field.

3.1 Pressure Due to JZBe Pinch

Here the average pressure on the cathode is computed in
terms of the current and radius of attachment. The equations used

are a momentum equation

QR——-— = =
ar J Bg» P(=R) =p (L)

an induction equation

T 3By = kI, By(xr=0) =0, (2)
a total current integral
R
I =bf Jz(r) 2m dr |, : 3
o
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and a definition of average pressure

1 R
P, = —3 j p(r) 2mr dr )

av
m R

[o]

Combining the above relations, it follows that independent

of the distribution of Jz, the average cathode pressure is given by:

Py, =P, t 5 (5)

The pressure given by Eq. 5 will act on the cathode to give
a thrust, This thrust force is given by MOIZ/Sn and is independent
of the distribution of the current density at the cathode, and of the

size of the cathode attachment.

3.2 Thrust Due to JrB Pumping

0

The amount of thrust in an axially symmetric volume due to
radial currents and induced azimuthal magnetic field can be evaluated
in terms of the magnetic field distribution at the boundaries. This,
in turn can be evaluated from the total currents. The following

relations are used:

T o (r Bg) = u  J, (6)
- % = J (7
adz uo T )
FromEq.7 it follows that J_B, = - é— (B2/2u )
r 6 dz 8 o
5470-Final 3-2
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R 22(0)
Thrust = j1 Jﬂ Jr Be 2mr dz dr
o zl(r)
R [_ Bz'! 2,(®
= xr 2 5 : {
J Moo
o L o z, (r)

B, can be found by integrating (Eq. 6)

ot f

Y
By(r, 2) = j s J (s, 2)
o]

Equation 8 shows that thrust can be evaluated in

magnetic field and Eq. 9 shows that magnetic field depends only upon

axial current, If:

a) Current leaves cylindrical anode of radius R

b) current enters circular cathode of radius RC with

uniform current density

then

2
w1 R
. .0 1 A
Thrust = W (4 + 1n Rc)

3.3 Torque Due to (r JZBr -r JrBz)

In an axially symmetric volume with radial and axial currents

and magnetic fields, there will be a torque which occurs when the cur-

rent crosses the magnetic field. To evaluate this torque, introduce

the vector potential AG'
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- ° . - 12 11
B.=-3, 5 B, =73 (ray (11)
The quantity (r Ae) is constant along a magnetic field line. The

torque per unit volume is given by:

[ 2 ay > (x Ae)}
rIB o -rJB =- 1] o 4 12)
L J
d (r Ae)
For the axially symmetric case, ———Sg——— = 0, hence
Torque = - J « V (r Ag)
(13)
= -V - (A J)

where V . J = 0 has been used. Upon integration over a volume R of

surface S, outward normal n,

‘y (torque) d(vol) =Lr (-r AG) (3 . E) ds (14)

S
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Ifr AG is constant at anode and cathode

r
Torque = 1 L(r Ae)anode - @ A8)cathode ]
agode 3 (r AG) 3 (r AG) }
= I 5 dr + = dz (15)
cathode

I (Magnetic Flux Between Cathode and Anode)
2m

Finally for a point cathode, and an average axial field Bz through a

circular anode of radius RA’

Torque = BIR (16)

A

Do |-

3.4 Max Thrust Due to JGBr

In an axially symmetric volume where J8 is induced (by the
Hall effect), the amount of axial force cannot be larger than for the
case of a completely diamagnetic plasma. In this limiting case, the
Je lies completely in the surface of the volume, and no magnetic
fields exist inside the volume. Compute the currents and magnetic

field as follows. Let B = B0 + Bl where B0 is the applied field due

to external magnets and B, is the field due to induced currents

1

within the volume. OQutside of the plasma, V x B, is zero, hence

1

B1 = vV Y, where ¥ is a scalar field. Since V . B1 = 0, then

v2 ¥ = 0 (outside of plasma) a7

Since B . n = 0 at the plasma surface

oY _ = =
i (BO) . n (at plasma surface) (18)
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Solve Laplace Eq. 17 with boundary condition Eq. 18. The force is

given by
Force = - | [ (B +v 2 Eds
0

where T is an outward normal and S is the surface area of the plasma.
The same result can be obtained by the following method.

Here we shall attempt to solve for the surface Je distribution for a

particular plasma configuration shown in Fig. 3-1. We use a 0-Ohm's

law (where Ye is the Hall parameter for electrons).
Ye
I = 5] (3B_- JB), (19)

and the induction equations

oB_ 9B,

5z T Mo (20-2)
OB

1

T g—r (rB ) + azz = 0 (20-b)

In Eq. 19, the coefficient r%j does not depend upon magnetic

field, since Ye is proportional to lB . We assume Jz and Jr are known,

based upon visual observations of the operation of the accelerator.
It appears that Jr = 0, and Jz = total current divided by cross sec~

tional area of the anode jet (27R 8). Thus Eq. 19 becomes
a

34 I
A
J, = - [-e ———— i B (21)
8 .lB 2n RA § 3

From Eq. 21 we see that Br (and not Bz) is important for

calculating J We can use the integral solution of Eqs. 20-a and

9"
20-b which assumes no magnetic material is present:
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W N\
o .l
B (v, 2) = 5= [[6(r, s5 2-t) Iy (s, £) ds dt
where . (22)
-t d
G(r, s; z-t) = [ > rs (z-t) C;s¢ ¢ 72
o [r - 2rs cosp + s° + (z-t) J

S

When applying Eq. 22, we use Eq. 21 for the value of J, in the region

©

of the anode jet, and the known Je in the electromagnet. Thus, Eq. 21
becomes:

4 If G (r, s; z-t) J (s,t)ds dt\

> 9,coil™™’
coil
r Ye IA 7 uo 5

Jo,Hall = LB | 2n R, 6 2rr (23)

+ II G (r’s’z-t)Je,Hall(S’t) ds dt

\_.anode jet J

Eq. 23 is an integral equation for the Hall current in the anode jet.

Exact solutions are not available for Eq. 23. An approximate
solution has been obtained by lumping the distributed Hall currents Je
into concentrated currents. We will refer to this technique as the
wire model. The Hall currents are replaced approximately by hoop cur-
rents in a set of wires. The error of the lumping has been estimated,
by changing the number of wires per unit length of the anode jet, and
shown to be small.

The solution found was for infinite conductivity, or more
precisely A - « where

A = Mo Ye iA _ bo © IA2 ) (24)

| B| (20)° R, | e | n; (2m)° R,

This is the limit of a completely diamagnetic plasma.
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To solve the wire model, concentrate the current density
into a set of wires (see Fig. 3-1). Thus, the wire for the electro-
magnet coil has a current IC, where Ic is equal to the number of turns
times the current in one conductor. The wires which carry the Hall
currents in the anode jet carry a current of Je’ Hall ° Oz - 8. The
integral Eq. 23 is thus replaced by a set of simultaneous algebraic
equations. In the infinite A case, which corresponds to infinite
conductivity, Br = Q. Thus,(Br)j = 0, where j stands for one of the

points shown in the wire model of Fig. 3-1.

0 = Gy, R, 2,) I, +-2J G(Ry, Ry, 2 = 2,) I (25)

i=1

Some solutions of Eq. 25 are shown in Fig. 3-2. The Kernel
function G defined in Eq. 22 can be computed in terms of elliptic

integrals.

-2 2
2rst (2-k™) E(k) - 2(1-k") K(k)
G(rss;t) = (26)
?r+s)2 + tz:?/z k2 (1- k2)

| -

r~ =1
where E and K are elliptic integrals and k2 = 4rs/§(r+s)2 + tZJ. To

simplify the computations, a function G based upon a flat geom-

planar
etry was used
2
. _ 4r” st
GPlanar (rys58) = = 2 21 r 2 27 (27)
i (r-s)" + ¢t Jg (r+s)” + t7 !

This is a good approximation to the Kernel function near the coil.
The electromagnetic thrust can be computed either from the

integral of the JeBr forces in the jet or by the reaction on the coil.

Thrust = [[ Jg . B 2rrdrdz= - [f Jg Ha11Bp 27T dr dz (28)
coil anode jet
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(-Iwire)Ra
Icon 82

-.18 T T T ] T T T | T T T | T T T T T T T T T
= 2 B 2
X -rvvreeomnnes 4 WIRE POLAR, B2 =R 5 , THRUST = .759(#RA)(2—:— )
[+
Y ——— 4 WIRE PLANAR,AZ =R, , THRUST =.755 u "
N % A
&) O ———— 6 WIRE PLANAR,AZ =R, , THRUST =.863 = "
i \
A
\ B ——— 6 WIRE PLANAR, AZ=06R,,THRUST= 66! = "
B \
‘\
\
i k WHERE o Te
\ B ———
\ 8 6 R,
- 10—
-05|—
——
= - —~— - —
0 | L ) l 1 | ] | L J ] | ! l
| 2 3 4 S
Z /R,

FIG., 3-2 COMPUTED HALL WIRE CURRENTS AND THRUSTS

5470-Final 3-10




For the example of Fig. 3-1, the integration was made over the coil.
The thrust is approximately 80 percent of the product of the cross-
section area of the anode jet times the magnetic pressure which would
exist along the centerline if there were no Hall currents. This is

probably an upper 1limit of the possible thrust.
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4, ANALYTIC MODELS

The energy exchange and thrust-producing mechanisms in the anode
jet are discussed in the following paragraphs. The anode jet is that
region downstream from the anode of a Hall current accelerator (which
often appears luminous), in which the current is conducted and the
plasma accelerated. The anode jet ends when it difuses into the cathode
jet.

Figure 4-1 is a sketch of the variables and shape of the anode
jet which starts at radius Rb’ and has radius Rj(s). The jet has thick-
ness 6(s). The current density along the jet is Js = -1/2m Rj 6 and the

mass flux ows = ﬁ/Zn Rj §. The azimuthal current will be called Je and

the velocity VG'

Assumptions.

Here a model is proposed and analyzed which the author believes
incorporates the dominant features of this zone. There were many
assumptions made, which are summarized here:

1. There is a jet and the mass and current flow along this jet.
It is annular in shape. Azimuthal currents and velocities
also exist. The thickness of the annular region is small
compared to its mean radius.

2. The applied magnetic field is purely axial. 1In a typical
accelerator fringing of the applied magnetic field produces
radial components. 1In this analysis the field is axial and
the anode jet decreases in radius.

3. There are two major energy sinks. The electrons, which flow
back toward the anode, are heated. The ions; which flow
away from the anode are given kinetic energy in the form of

azimuthal velocity. Tonization is not included, since it is
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assumed to occur near the anode and not in the idealized jet.
The energy for ionization comes from the heated electrons
which leave the jet near the anode end. Internal energy of
ions leaving the end of the jet is ineglected. The jet is
fully ionized.

4. 1t is assumed there is no mass entrainment. In a Hall
accelerator mass addition to the annular anode jet can come
from the inside (gas feed arriving at jet) or outside (en-
trainment of ambient gas). This analysis applies to an anode-
feed device in a hard vacuum.

5. 1In the analysis which follows, several minimum principles
have been used. These are based upon the idea that currents
adjust to minimize dissipation. A similar hypothesis has
proved to be of great value in developing the theory of
conventional arcs. Since this has not been proved for the
case where strong magnetic fields exist throughout the dis-
charge, this minimum principle will be treated as an assump-

tion.

4.1 Dissipation
Dissipation is a randomization of energy which occurs with
collisions. Electrons pick up energy from the electric field between
collisions. Part of this energy is randomized, the rest going to
directed kinetic energy. The dissipation (part randomized) per unit
volume is (JS2 + Jez)/c.

The jet current JS can be found from the total current.
= - o 1
J I/2m R (1

The azimuthal current is found from the azimuthal ohm's law

Jg - B J.=-0Bu 2)
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dR, dR,
It follows from the assumed model that Jr =7J 5;1 and u = ws E;l.

s
The ratio of mass flow to current Y = b[ne WS/JS = k]ﬁ/maI. Hence

y dR.
J, = oBW -—iI 3)

Integrate the dissipation over the cross sectionm.

2
1245t 2

dR
s 9 _ 1 1 - Y) q
———2r7 Rjé e Rj 3E; +[< v B Y. 13 2n Rj 8§)o (4)

Of the two terms, the first is large,if the jet is thin and
of low conductivity, and the second is small, On the other hand, if
the jet is thick and of high conductivity, the first is small and the
second large. If we vary the thickness-conductivity product to mini-

mize this, the dissipation per unit length is given by

2 2
3.0+ Loy dR,
————Bf———-Zw Rj 6 = -2 v BI WS Egl (5)

The term is positive since dR/ds is negative, The electron internal
energy equation is
2 2
J + Je

d_ (3 > _ s 8
21 R 6 n, (We)S as <2 k Te 5 2rmr R § (6)

Here the electron velocity along the jet can be given in terms of the

current

hine W), = Hn, W) -J, = -1 -¥/2n Ry 6 (7)

e’s S S

The resulting electron energy equation can be integrated (ws = const)

to give
Cur) @z P k) ®
2 e/anode \2 e/end of jet Y o ]
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If the temperature of the electrons entering the jet is neglected, the

electron temperature in the vicinity of the anode is given by

4k BW
T, T SRT (Ro - Rj> 9

4.2 Azimuthal Kinetic Energy

Since it is assumed that the anode jet is fully ionized, all
kinetic energy is in the ions. The azimuthal momentum equation, inte-

grated over the cross section is

g dR,
m 2 = -BI 1
R, ds (Rj V9> ds (10)

This states that the rate of change of angular momentum is due to the
rate of current crossing the applied B field (assumed axial). This
equation is integrated to give
2 2 1
BI [Rb - Ri,(S)J
2 m Rj(s)

Vg(s) = (11)

The total power in azimuthal kinetic energy is thus given by

, 2 2 (Rg i g)z
@ vy© = g J (12)
SﬁnRj

Nof

Of this energy, part comes directly to the ions from the electric field
and part from the electrons due to collisions. It is this transfer from
the electrons in the azimuthal direction which may allow the ions to
pick up more energy than they get by simply falling through the poten-
tial drop. The volume rate of energy transfer is equal to the ion
velocity times the drag force. The drag force comes from a different
azimuthal velocity for electrons and ions and is given in terms of cur-

rents and conductivity.
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Ve - (azimuthal drag) = Ve S

(13)
Use the azimuthal ohm's law (Eq. 3) for JG’ Eq. 11 for Ve, then inte-~
grate over the volume. That part of the total power in azimuthal

kinetic energy which is transferred by the electrons is given by

2 2 R
(1 - Y).B I R2 n < o)
2 m 0

2 2
i ﬁR_Z_RQ (16)

4.3 Power Balance

We can combine the above expressions to get an overall power
balance and a power balance for electrons. The electrons enter the

anode-ionization region with a temperature given by Eq. 9. They carry

an energy of 2 k Te’ at a rate of I/b. Since the total power dissi-

2
pated, IV, goes to electron energy at anode and ion energy in azimuthal

kinetic energy, we have

10 B IV lez I (Ri - R.‘jt)2
IV = 3 —_V-——.(Ro - Rj) + (15)

2
8 m b4 Rj

The energy given to electrons, (1 - ¥Y)IV, supplies the electron energy

and part of the ion kinetic energy

10 BIW
(1 -¥Y)Iv=:=—=2=(R_ -R,) +
3 b4 o j
2 2 (16)
E B2 I r 2 Ro Ro - Rj
1 -1 4 m b4 _Ro In ﬁj' B 2 J

In Eqs. 15 and 16, the current cancels out and the two expres-
sions for the voltage can be equated, This determines Rj' Unfortun-
ately, the resulting equation cannot be solved explicitly, so values
must be computed numerically. If the resulting value of Rj is put in

either equation, the voltage V can be computed as a function of ¥ and
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(Ma W/EIB R). These data are presented in Figs 4-2a and 4-2b where
vk =9 | V/16000 k T,
80 m WS/3 kiB Ro. WS is taken to be the thermal velocity near the

is ploted versus Y for several values of A =

anode.

4.4 Accelerator Performance

It is seen from Fig. 4-2 that V* possesses a minimum, shown
by the dashed line. It is likely that the anode jet will choose a
mass flux to minimize the voltage. This gives a ¥ (and also Rj) as a
function of A (to minimize V). Hence, the velocity, VB’ of the ioms
at the exit of the cathode jet can be found as a function of A.

The thrust can be found from Ve by assuming that all of the
ion energy is converted to thrust through a magnetic nozzle. If we
neglect nozzle efficiency,

BI (Ri )

= q = ni =
T m Ve 2 Rj T (A) an

This is shown on Fig. 4-3. A crude approximation of this curve is

'I.‘/Tmax = A, This approximation gives

r o= (20 %} I, (18)

which predicts that the thrust depends linearly upon current and is

independent of the magnetic field.

If the proposed model is valid, the thrust is produced in
the anode jet (not cathode jet), and energy is transferred from the
fields to the electrons, then to the ions. Thrust is nearly inde-

pendent of magnetic field and depends linearly upon current.
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5. EXPERIMENTAL EQUIPMENT

5.1 Vacuum Facilities

Tests were conducted in two tanks. The alkali metal experi-~

7, built egpecially for such

Fh

acilitx
acrLilitc

ments were conducted in a special v
tests. In this tank it was possible to obtain tank pressures of 10-4 mm
during the test by water cooling the tank walls and using diffusion
pumps. Tests with the gaseous propellants were conducted in a standard
3 foot by 5 foot tank that was water cooled. The mechanical vacuum
pumps had a maximum capacity of 5000 cfm and hence could only maintain
ambient tank pressure of 20 to 180p during the tests reported.
The gas flow rate was measured by using calibrated sonic

orifices. These had an inherent accuracy of better than * 3 percent

with the pressure gauges which were used.

5.2 Feed Systems

Two types of feed systems were used with the alkali metals.
A vapor feed system was used initially and attempts were made to
determine the mass flow rate by measuring the liquid temperature in
the boiler. The flow rate was controlled by passing the vapor through
a sonic orifice which was maintained at a temperature higher than that
of the liquid. Because of the extreme sensitivity of the vapor pres-
sure to small changes in the temperature of the liquid it was not
possible to obtain accurate flow rate data using this boiler. A
liquid feed system was used to obtain the data on sodium reported in
Section 6. A full description of the feed system can be found in
Ref. 2.

The thrust was measured using thrust balances developed
previously (see Refs. 1 and 2) -A discussion of the calibration and

probable errors of such a thrust measuring device is given below.
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5.3 Thrust Stand Calibration for a Hall Current Accelerator

The complete investigation of Hall current accelerating
mechanisms might make necessary the measurement of local values of
momentum flux or velocity, as well as the individual reactions on the
magnet and electrodes. However, the much more reliably measurable
total momentum input to the exhaust stream of a propulsion device pro-
vides much useful information and is a valid measure of performance
for mission analysis. The total momentum input or thrust is most
accurately determined by mounting the entire accelerator, plus the
magnet assembly, on a thrust dynamometer. Correct interpretation of
thrust stand data requires consideration of the following extraneous
forces which would not provide acceleration in space:

1. Interaction of magnetic field coil with tank and fixed
current leads.

2. Interaction of applied accelerator current with tank and
fixed current leads.

3. Interaction of Hall currents with tank and fixed current

leads.

The first two of these interactions can be directly calibrated

by shorting the electrodes of the accelerator, applying full magnet and
arc current, and noting the indicated thrust. This is routinely done
after each change of accelerator, magnet or power lead configuration in
the tests performed at EQOS and was done before the tests performed at
the Lewis Research Center (Ref. 3).

The third interaction is difficult to calibrate because of
the lack of detailed information about the distribution and magnitude
of the Hall currents which flow in the plasma whan the accelerator is
in operation. However the error caused by this type of interaction can

be shown to be negligible. The discussion presented in Subsection 2.1

of the First Quarterly Report of the present contract (Ref. 4) indicated

that when the field induced by the Hall currents is comparable to the

applied field, the thrust is approximately given by
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B 2

0
= . 9 1
T 0.8A ; (1)

where T is thrust in newtons, N is permittivity of free space

(4m x 10-7 henries/m), Bo is the undisturbed field strength in
webers/m2 along the center line of the magnet coil, and A is the exit
area of accelerator in mz. The value given in Eq. 1 is an estimate
of the upper limit on the thrust and is obtained when
currents are sufficient to completely exclude the applied magnetic
field from the plasma (infinite conductivity approximation).

For typical test conditions of the 10-kW hydrogen accelerator,
the following values are appropriate:

T ~ 6 grams force =~ 0.06 newtons

Bo < 3000 gauss = 0.3 webers/m2

A = 10_4 m2
Insertion of these values in Eq. 1 gives a thrust of approximately 3
newtons (300 grams force). Since the magnet current is kept constant
during a test, the applied field strength remains constant and the
ratio of the induced field to the applied field will be of the same
order as the ratio of the actual thrust to a thrust of 3 newtons
(typically 0.02).

Next, the effect of discharge geometry on the thrust inter-
action must be estimated. The field produced by a solenoidal current
distribution decreases with roughly the third power of distance and
increases with roughly the second power of the radius of the distribu-
tion for distances of the same order or greater than the length of the
distribution. Since the field coil and the Hall current loops are at
essentially the same distances from the tank, fixed supports, and the
fixed current leads, and since the diameters of the Hall current loops
are about the same as or smaller than the mean coil diameter, there
seems to be no possibility that geometric factors would make the effect

of the induced fields more important than that of the applied fields.
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Since the thrust interaction with the tank and fixed current

leads depends upon the second power of the total field strength,

. . 2
interaction < B

3 2BHall 2 )
total

2 2 <
By = Byayy) =8, U B_ * Byann

With BHall/Bo of the order of 0.02, it can be seen that the Hall
currents make a small contribution to the calibration of the thrust
stand.

Therefore, it may be concluded that the change in thrust
stand calibration caused by the interaction of the Hall currents with
the tank and fixed current leads can be neglected whenever the
observed thrust is small compared to the product of the exit area of

the accelerator and the center-line magnetic pressure of the undis-

turbed, applied magnetic field.
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6. EXPERIMENTAL RESULTS

6.1 Tests of H2-I Accelerator

The HZ-I accelerator design is shown in Figs., 6-1 and 6-2.

The accelerator has a tungsten cathode tip mounted on a water cooled

copper base and a water-cooled anode with an inner bore 1.5 cm in
diameter and 0,5 cm long., The anode and cathode are separated by a
boron nitride insulator which has six equally spaced ports through
which the hydrogen cxpellant is introduced., 1In the first versiom of
-I, the anode had a tungsten insert as shown in Fig. 6~1. The
completely copper anode shown in Fig. 6~2 was used in later versions,

The design shown in Fig. 6-1 was found to have inadequate
spacing in the axial direction between the anode and cathode. Under
some conditions this caused the discharge to strike directly between
the electrodes in the direction of the applied magnetic field. The
problem was successfully eliminated in the later version shown in
Fig. 6-2 by reducing the cone angle and diameter of the cathode and
arranging the boron nitride insulator to prevent direct arcing along
the magnetic field.

Tests were performed with the H2-I accelerators over the
power range from 40 to 102 kw with mass flow rates of from 0,006 to
0.05 grams/sec, arc currents from 500 to 1000 amperes, magnet coil
currents from 500 to 2000 amperes and ambient pressures from 0,02
to 4.5 mm Hg. The most pertinent data obtained with the H -I accel-

2
erator are presented in Table 6-I and in Figs. 6-3 through 6-16.
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The tests were performed by varying one of the four variables
of arc current, magnet current, ambient pressure, and mass flow, while
keeping the other three constant. Because the mass flow rate has an
effect on the tank pressure, tank pressure was maintained during

the variable mass flow rate tests by bleeding cold H, into the down-

2
stream end of the tank, As a function of the above independent variables
the following dependent variables were measured: thrust (total reaction

on accelerator plus magnet assembly); arc voltage; magnet voltage;

power absorbed by cooling water circuits of the anode, cathode, magnet,

thrust balance structure, and tank walls; and arc chamber pressure

(see location of taps in Fig. 6-2).

The power absorbed by the cathode was between 0.7 and 1.65
kW over the range of conditions tested., There was a definite trend in
the data indicating that energy loss at the cathode increases at least
linearly with current and is independent of magnetic field over the
ranges tested. Though both the mass flow rate and tank pressure appear
to affect cathode energy transfer, no simple correlation was evident
from the data.

The arc chamber pressure measured at the base of the cathode
is plotted as a function of each of the independent variables in Figs,
6-3 through 6-6. The cathode pressure seemed to increase slightly with
applied magnetic field strength (Fig, 6-3) and limearly with ambient
pressure (Fig. 6-4). It increased almost exactly as the square root
of the mass flow rate (Fig, 6-5). The effect of arc current on
cathode pressure is shown in Fig. 6-6. The arc chamber pressures
observed in H2-I were smaller by about a factor of ten than those
found in an earlier accelerator which had the cathode tip set back
l-cm from the exit plane of the arc chamber. The arc attachment at
the anode was visually observed to be on the downstream face of the
anode rather than within the arc chamber. The slight anode erosion
on the downstream surface during operation at high arc current and
low mass flow rate confirmed that the anode attachment was outside

the arc chamber, Thus it appeared that only a small amount of energy
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was transferred to the gas in the arc chamber, If the gas flow is
assumed to be sonic at the exit plane of the arc chamber, the mass
flow rate would be related to the exit static temperature and the

stagnation pressure of the flow by a relation of the form:

(A _.)p -
= —=XiET 0 5 9 4 1073 [é.k.{] (1)

d Texit

Though the constant in Eq. 1 depends upon the degree of dissociation
and ionization, the specific heat ratio, and the assumption of fric-
tionless, constant area flow with heating, its numerical value is
practically constant for most situations. For a typical test with

Hz-I, Eq. 1 leads to:

3

(A ) (P) 7.7 x 10

o
Texit = ) = 1200 'K (2)

The low exit temperature is in accord with other indications
that little energy was transferred to the gas in the arc chamber.

The dependence of arc chamber pressure on the square root
of m indicates that if the flow is sonic at the exit plane then the
exit plane temperature varies inversely with m. The applied magnetic
field strength may be expected to have only a small effect on arc
chamber pressure when the arc attaches to the downstream surface of
the anode. The exit plane temperature can be expected to increase
with the arc current, leading to a dependence of arc chamber pressure
on current similar to that observed in Fig., 6~6. The irregularity of
the curve in Fig. 6-6 may be associated with changes in the choking
condition, The effect of ambient pressure on arc chamber pressure is
probably also associated with changes in the choking condition at the
exit plane and to some effect on the boundary layer thickness in the
arc chamber, Because of the lack of a more precise model of the
aerodynamics of the arc chamber, these qualitative conclusions are

regarded as only tentative explanations of the observed data.
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The power absorbed by the anode was determined calori-
metrically and is plotted as a function of the independent variables
in Figs, 6-7 through 6-10. The effects of magnetic field strength and
tank pressure on anode heat transfer are seen to be slight in Figs. 6-7
and 6-8, except possibly at very low field strengths and pressures,
The anode power loss is seen to be proportional to the current in
Fig. 6-9 and to vary inversely approximately as the square root of the
mass flow rate in Fig. 6-10. All four of these trends are what would
be expected on the basis of convective heat transfer being the dominant
mechanism for power loss to the anode., Previous correlations have

indicated that some relation like

£ a n
PA- $1I N Auf.S- _R_n
1V md = xe

exists between the power absorbed by the anode, PA’ and the free
stream Reynold's number of the gas. The exponent n was found to lie
between 1/2 and 1/3. As seen in Figs. 6-7 through 6-10, this ex-
pression well predicts all of the observed trends. However, it has
not been possible to establish accurate values for the free stream
gas viscosity Be o as yet, 50 no check on the absolute value of the
L 4 . P - QI
A
IV ?

can be made, The fact that the best correlation

relation between the '"Stanton number",

m d

and the "Reynolds

"
number", r s

He.s
was based upon the total gas enthalpy, i.e., m x I x V conflicts

to some extent with our present interpretation of the heat transfer
mechanisms in the discharge. Attempts to resolve this problem are
presently being made,

The thrust produced by the accelerator is.plotted as a
function of the independent variables in Figs, 6-11 through 6-14.
It was found that the thrust increased linearly with applied current

(Fig. 6-11), was essentially independent of mass flow rate (Fig.6-12),
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decreased with increasing tank pressure for pressures above about

0.5 mm Hg. (Fig. 6-13) and was only slightly affected by magnetic field
strength over the range of conditions tested (Fig, 6-14). Linear depen-
dence upon arc current can be predicted under the assumption that the
plasma properties and the current distribution are independent of
current., Since it would be surprising if these assumptions were always
valid, a more detailed analysis still leading to a first power relation-
ship may be needed for an accurate understanding of the effect of current
level on the performance of the Hall current accelerator.

The fact that thrust is independent of mass flow rate is one
of the most striking features of the H2 Hall current accelerator and
may be attributed to the fact that the accelerating mechanism is
almost entirely electromagnetic., Since the thrust remains constant
as mass flow rate is decreased, the thrust efficiency and effective
back emf must increase. However it will probably be difficult to
establish analytically the observed independence of thrust from mass
flow rate because of the interrelated effects of mass flow rate on
velocity and the induced electric and magnetic fields.

The effect of ambient (tank) pressure on thrust is shown
in Fig. 6-13. From the lowest pressures attained to about 0.5 mm Hg.,
no effect on thrust was observed. Above 0.5 mm Hg, the thrust
decreased with increasing pressure. That was probably due to the
decrease in the local values of the Hall current caused by a decrease

in the Hall parameter, §_ = W, T, - An additional effect may be

associated with a changeein the current density distribution also
caused by changes in the plasma properties at higher pressures.

The slight effect of magnetic field strength on thrust
shown in Fig, 6-14 is difficult to correlate with a detailed analytic
description of the Hall current accelerator because 6f the many
variables which are dependent upon the field, possibly including
the current density distribution and the plasma properties. However,

highly simplified considerations predict that the thrust should

5470-Final 6-18

A U5 B By G N R UE | WA

G S -y En T o o e



TINSSHYd INITIHWY SNSYIA ILSN¥HI €1-9 °OId

(b4 ww) 'd *34NSSId INIIGNY

1°A 4 vy .. L0 9'0 G0 0 €0 0 1’0 0
7/ _ _ _ [ [ _ Y
93s/swo4b 20" = w
sdwo 008} = °I
| sdwo oowu<H — 02 =
3
(=)}
0 S 7
l el
— —0b
a
© 3
3
w
__ QW O —4 09
O o
—
[}
_ \\N — _ _ om m
Q
3
Y
GE on s T S BN NS D R B D Ay A AN O TR B O




INIYYND TIOO QTITI SASYIA ISAYHI #T1-9 °O1d

(sdwo) °T* | N3¥END 110D a13id

0002 008! 0091 00t 002I 000! 008 009 00y 002
] | | | | ] | | |
— '
bH ww 80'«20= d -0
BH WwGlepl'=s ¥d - O
B 23S/SNVY9 20°= W
SdWV 009= "1
| ®
D]
® o °
® o o) ©
| | i | | ] | | |

Ol

02

0]

ov

0s

09

0L

(swoab) | ‘I SNHHL

6-20

5470-Final




increase with field strength for small fields and reach an asymptotic
value for large fields (see Ref. 1 and Fig. 6-15). The experiments
appear to bear out this predicted trend. Further analysis is needed to
try to obtain simple analytic expressions for the magnitude of the
thrust in terms of the measured magnet current.

The overall efficiency or acceleration efficiency is plotted
against the specific impulse in Fig. 6-16. For both quantities the
average velocity of the stream was computed as the ratio of the thrust
to the mass flow rate. The increase in efficiency with IS is a
consequence of the fact that thrust is linear in current and that the

applied voltage remained nearly constant for the tests performed. Thus

S :<z)<T_> L_sg T ;
o 2m PIV 0 IA 2v 2v IA sp

varied almost linearly with IS .

In summary, the data from the tests performed on the HZ-I
accelerator indicated the following trends:

1, The arc attachment at the anode was on the downstream
face rather than within the arc chamber as it had been in accelerators
in which the cathode was sét back from the exit plane. The arc chamber
pressure was also significantly lower with the present accelerator,
These two effects are probably interrelated and dependent upon the
independent variables of accelerator geometry, arc current and mass
flow rate, The results of the present tests indicate that only a
small amount of energy is transferred to the gas in the arc chamber
when attachment occurs on the downstream face of the anode., Further
information on these points is presented in Section 6.5, "Experimental

Anode Studies".
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2. The power transferred to the anode correlates well with
the convective heat transfer model which proved so effective in arc

jet technology; namely
Stanton number « (Reynold's number)-n

n
P, -1, 0, A Me o

A
I,V m D

where the exponent n is between 1/3 and 1/2. Further analytical
study of the anode attachment region appears to be required to
explain the fact that the convective transfer model appears to be

appropriate in this case.

3. The power transferred to the cathode varied linearly
with arc current. Though the magnitude of the cathode losses is
sufficiently small to be of little practical interest from the
standpoint of optimizing the efficiency of an accelerator operating
at power levels above about 50 kw, reduction of cathode losses may

be important in lower power accelerators.

4. The thrust produced by the accelerator varied linearly
with current, and was independent of mass flow rate. These facts,
coupled with the anode heat transfer correlation, appear to indicate
that, other things being equal, the best engine performance can be
obtained by reducing mass flow rate rather than by inéreasing arc

current.
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5. The thrust was observed to be approximately constant
with respect to changes in magnetic field, indicating that the
asymptotic behavior in the vicinity of ¢e¢1 = 1, predicted on the
basis of the existing theory of the Hall current accelerator, had
been reached. Additional analysis is needed to demonstrate that
the effect of magnetic field on the total thrust should be similar

to the effect on the local magnitude of the Hall effect thrust,

6. The applied voltage varied only slightly over the
entire range of conditions tested, producing an almost linear
increase in overall efficiency with specific impulse. Theoretical
prediction of the voltage will probably require analysis of the
entire volume of interaction of the current with the applied mag-

netic field.

6.2 Test Using Sodium Accelerator

6.2.1 Experimental Equipment

The tests with sodium propellant have been con-
ducted using an engine which was identical in configuration to that
used for evaluating the performance capability of lithium and
potassium in another program (see Ref. 5). A sketch of this engine

is shown in Fig. 6-17. The unique features of this engine are:
1. The use of anode feed
2. The radiation cooling of the anode

3. The long, thick cylindrical cathode
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Two feed systems have been used, A boiler was constructed for
vapor feed., The vapor was fed into the engine through a sonic orifice.
The feed rate was determined by measuring the temperature of the liquid
in the boiler and finding the pressure from the vapor pressure curves.
Because of the exponential relation between the pressure and the
temperature, this technique is not a sensitive or accurate method of
determining a flow rate. Consequently, a number of calibration runs
were conducted. Xt was found that a considerable discrepancy between
the computed and measured flow rates existed and that they were not
reproducible, For this reason only a few tests were conducted with
this feed system. 1In the majority of the tests a liquid feed system
was used, This system was identical to that used in the tests with
lithium and potassium propellant and is described in Ref. 2.

The tests were conducted in vacuum chambers where the pressure was
maintained below one micron by diffusion and mechanical pumps. The vacuum

chamber walls were water cooled. Test results are presented in Table 6-II.

6.2.2 Thrust Measurements

One of the first tasks was that of determining the parameters
upon which the measured thrust depended. It has been found previously
that the tank pressure profoundly affects the measured thrust.
Accordingly, several tests were conducted in which the engine was
operated at constant arc current, magnet current and mass flow rate,
Argon gas was injected into the vacuum chamber and the thrust was
measured as a function of the tank pressure, The results of one such
test are shown in Fig, 6.18. It was found that the thrust appeared
constant at pressures below about one micron, The measured thrust then
decreased initially to a minimum of about one-fourth the value at low
pressure and then increased, From this test we concluded that valid
thrust measurements were possible if the tank pressure was maintained

lower than one micron,
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TABLE 6-1I
PERFORMANCE DATA FOR HALL CURRENT ACCELERATOR H2-I
WITH SODIUM EXPELLANT
IC IA Parc ?ii: PrEZZﬁre Thrust Isp
amps amps kw gr/sec mm Hg. grams seconds

1800 300 9.9 .0490 5.2 47 .4 970 .223
1800 350 11.7 .0556 . 53.2 960 .209
1800 350 11.7 .0591 58.3 990 .236
1800 350 11.7 .0584 60.1 1030 .253
1800 350 11.7 .0616 59.0 960 .231
1800 400 13.8 .0623 2. 66.6 1070 .247
1800 450 16.3 .0619 2, 71.2 1140 .241
1800 500 19.4 | .0616 - 79.9 1300 .257
1800 500 20.5 .0392 1.2 61.6 1470 .197
1800 400 15.6 .0378 1.1 58.2 1540 .193
1800 250 14.0 .0350 1.1 55.9 1600 .306
1800 300 13.1 .0329 1.4 49,2 1500 .270
1800 200 11.4 .0318 1.4 46.9 1470 .291
1800 250 34 .0205 3.6 35.3 1720 .343
2000 200 33.5 .0186 4.7 27.7 1490 .296
1800 150 30 .0189 6.3 17.8 940 .178
1800 103 30.3 .0188 6.8 10.2 540 .086
1000 250 26.7 .0201 - 24.8 1230 .219
1800 250 34.0 .0194 3.7 37.3 1920 .405
1800 150 31 .0100 5.6 17.5 1750 .320
1800 150 32 .0101 5.8 18.4 1820 .335
1800 100 31.8 .0100 6.6 7.86 786 .093
800 200 25.3 .0100 6.0 16.4 1640 .253

800 250 25.1 .0100 5.9x10° [ 20.5 2070 .323
5470-Final 6-28
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It has been established previously that the thrust increases
linearly with the arc current., For this reason the thrust per unit
current is generally plotted in this report, However, at low mass
flow rates it appears that this relationship breaks down and that
the thrust becomes more nearly proportional to the mass flow rate.
This trend is shown in Fig. 6-19 where the thrust per unit current is
plotted vs, the parameter . It appears that the thrust is indepen-
dent of the mass flow rate for values of m > .4 %? I. At lower values
of m the thrust appears to be approximately proportional to the mass
flow rate and independent of the arc current, It should be noted that
these trends have not been observed so definitely in all tests and
further experiments are still needed to clarify the exact dependence
of the thrust upon the mass flow rate and the arc current at low
values of Y.

The manner in which the thrust per unit current depends
upon the strength of the applied magnetic field is shown in Fig, 6-20.
The thrust appears to be rising steadily as the field increases at
a rate somewhat less than linearly, This curve indicates that there
may be some advantage in increasing the magnetic field strength beyond
the maximum of 3000 gauss available from our coil at the present time.

If the above measurements are compared with those in Ref, 6,
where H2 propellant was used, the following comments can be made:

1) In the hydrogen tests the thrust was independent of the
tank pressure over the range of 100 to 4000u, The test with sodium
indicates that the thrust falls off and then increases as the pressure
is increased,

2) The thrust was found to be linearly dependent upon the

arc current and independent of the mass flow rate in hydrogen, At

low mass flow rates the thrust appears to become proportional to the
mass flow rate and independent of the arc current with sodium propel-
lant. At higher mass flow rates of sodium the thrust is linearly

dependent upon the arc current and independent of the mass flow rate,

5470-Final 6-30




1.8
i I T T | 1
() o 1
° oo o
16— o ® oo o [+ o —
o 00 o )
©
al- 4 i
o]
o]
1.2 ]
°
o
ol 19 -
gF
-
=
wl 8- _
o
ﬂp,.s— -
lol m
V= o1
4k -
2 .
05 1 z 3 r 5 s 7
14
FIG, 6-19 THRUST PER UNIT CURRENT AS A FUNCTION
OF THE PARAMETER ¥ (sodium propellant)
| | T | | | |
— 35
VOLTAGE X
X X
/ 1.
1.8 {— X
,&/”{///’ - 25
g -=
1.6 [—
i ’/, - - [e]
2 - 71 — 20
= PRl
Elz —
=
- —~ s
'Q 7~ 1 =300 AMPS
= 8 | i
= e
Ve -— 10
7
//
4
g 71
/
° ] 1 | | | | ] o
0 400 800 1200 1600 2000 2400 2800 3200

MAGNETIC FIELD STRENGTH, GAUSS

FIG. 6-20 EFFECT OF MAGNETIC FIELD STRENGTH ON

5470-Final

HALL-CURRENT ACCELERATOR WITH SODIUM

6-31

VOLTAGE, VOLTS




3) With hydrogen propellant, the thrust was independent
of the magnetic field strength between 3000 and 1500 gauss, At
lower field strengths the thrust decreased. The tests with sodium
propellant indicate that the thrust increases with the magnetic field
up to the maximum available of about 3000 gauss,

6.2.3 Potential Measurements

A number of potential measurements have been made, These
are as follows:

1) The anode to cathode potential

2) The anode to magnet shield potential

3) The anode to tank potential

4) The cathode to tank potential
The anode to cathode potential is plotted in Fig. 6-21 as a function
of the parameter Y, which is the ratio of mass flow rate to arc current.
This plot shows the characteristic predicted by the phenomenological
theory, namely, that the potential drop is relatively constant for
values of ) greater than some minimum value and then rises steeply
for lower values of ), Some plots of the anode to tank potential,
cathode to tank potential and anode to magnet shield potential as
functions of the arc current and mass flow rate are shown in Figs, 6-22
through 6=26. The general tendency appears to be that the anode to tank
potential increases with 1/ and the cathode to tank potential
increases with ). A great deal of scatter is found in the anode to
magnet shield potential measurements, This appears to be due to a
number of factors which are not well understood. One important
factor, however, appears to be modal transitions of the arc behavior
in which the potential distribution changes spontaneously at one
operating point, Such a transition is shown in Fig. 6-27. This
transition is tentatively assumed to be associated with the heating of

the electrodes,
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The arc potential drop is plotted as a function of the
magnetic field strength in Fig. 6-20. The anode to tank potential
cathode to tank potential and anode to shield potential are plotted
as a function of the magnetic field strength in Figs. 6-28 through 6-31.
These plots indicate that the cathode to tank potential is independent
of the magnetic field strength, and that the anode to tank potential
increases approximately linearly with the strength of the magnetic
field,

6.2.4 Anode Power Measurements

The anode in the sodium tests was radiation cooled, However,
in order to measure the anode power, it was surrounded by an oil
cooled jacket which picked up a high percentage of the radiated power
from the anode, A set of measurements of the anode power as a function of
the magnetic field strength and arc current are shown in Figs. 6-32, 6-33,
and 6-34. Some results from a test with potassium are shown for comparison,

6.2.5 Overall Performance

Plots of the overall performance capability are shown for
several tests in Figs. 6-35 and 6-36. These plots show the character-
istic linear relation between the efficiency and the specific impulse of
most of the results obtained from Hall current plasma accelerators.
These curves indicate that good performance can be expected from
sodium in the 2000 sec, ISp range and probably at somewhat higher
ISp as well, Test results at specific impulses above 2000 sec are not

shown due to uncertainty of mass flow measurement.
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6.3 Development of Engine for Low Density Tests

The operating characteristics of Hall current accelerators
were found to change mode as the mass flow was reduced below a critical
value (see Ref. 1). It is not certain whether this effect was due to
the decrease in mass flow or tank pressures. For this, and for other
reasons, there is a need to conduct experiments with an accelerator
when the tank pressure is very low, e.g., about 10-4-10-5 mm of Hg.

A partially radiation cooled engine that is to be used for such tests
has been designed and given preliminary tests. The engine was designed
to run at a power level of 10 kW and a mass flow rate of 1-3 mg/sec.

The first model that was built and tested is shown in Fig.
6-37. This engine ran well at high mass flow, i.e., 10 mg/sec but
would not operate in a steady mode at lower mass flow rates. Accord-
ingly, the anode shape was modified as shown by the insert on Fig. 6-37.
When this model was tested, the insulator burned back very quickly and
an axial arc of low voltage established itself between the outer edge
of the cathode rod and the inner edge of the anode cavity.

The electrode configuration was next modified to that shown
in Fig. 6-38. A larger diameter magnet was also used. This model
operated satisfactorily for extended periods of time at a mass flow
rate of about 3 mg/sec. However, the specific impulse and thrust
efficiency as computed from the target thrust measurement appeared to
be abnormally low. It was speculated that this was caused by the target
being too far from the engine (approximately 14 inches) and inter-
cepting only part of the jet. Another possible cause was thought to be
the friction forces of the shroud, which had been designed to increase
the radiating surface of the anode. For the next test, the shroud was
removed from the anode (see insert on Fig. 6-38) and the target was
moved up to within 7 inches of the anode face. The méasurements on
this engine configuration indicated that acceptable performance was
being obtained at a mass flow rate of about 3 mg/sec. Some repre-

sentative data from the tests are shown in Table 6-III. A plot of the
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TABLE 6-III
EXPERIMENTAL DATA FOR THE 10 KW ENGINE

f I I_ Py P, T Iep n,
mg/ sec amps amps kw mm Hg. gms sec.
6.85 177 1800 11.2 .052 6.83 997 .029
6.85 200 1800 12,3 .045 8.63 1260 .042
6,85 225 1800 13.6 .050 10.0 1460 .052
6.69 235 1800 14.3 .053 11.0 1640 .061
5.23 150 1800 10.4 .040 9.69 1850 .083
5.23 175 1800 11.4 .040 11.7 2240 .110
5.23 200 1800 12.1 .042 13.9 2660 .147
3.93 200 1800 11.7 .037 12.9 3280 174
3.93 200 1800 11.6 .038 13.2 3360 .183
3.69 210 1940 12,2 .038 15.8 4280 .266
3.61 208 1920 12.9 .110 11.5 3190 .136
3.61 208 1920 13,0 .250 8.03 2220 . 066
3.61 206 1915 12.7 .040 14.8 4100 .229
3.61 208 1900 12.8 .040 15.6 4320 .253
3.61 206 1880 12.8 . 040 15.8 4380 .259
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thrust efficiency versus the specific impulse is shown in Fig. 6-39.
A plot of the specific impulse at constant mass flow rate versus the
tank pressure is shown in Fig. 6-40. This plot indicates that the
thrust is increasing slightly as the tank pressure is reduced to 30u
of Hg pressure.

Unstable arc operation occurred when attempts were made to
reduce the mass flow rate below 3 mg/sec. Alternative designs which
would operate well at 1 mg/sec mass flow rate were sought.

During the tests on the high power accelerator (HZ-I)

(Ref. 4), as well as during those conducted on the 10-kW engine (H2—2C
and H2-2B), an instability of the discharge occurring in the exhaust
plume was found to occur below certain mass flow rates. Observation

of the accelerator electrodes while this instability was setting in
indicated that it was most likely caused by an unsteady cathode attach-
ment ; the attachment region moving discontinuously from the point of the
conical cathode to a side of the cathode. A similar transition of the
cathode attachment region in an argon arc had been observed and reported
in Ref. 7. Stable attachment to the point of the conical cathode appeared
to occur only above some critical pressure, which was about 1-2 mm Hg
when the ambient gas was hydrogen. Based on this hypothesis, a number
of engines were designed in which various techniques were used to main-
tain the pressure at the cathode at values of over 10 mm Hg at mass

flow rates for H2 of under 0.001 g/sec. Attempts were made to keep

the anode and cathode configuration similar to that shown in Fig. 6-41
since this accelerator performed well at mass flow rates of 0.001 g/sec

and relatively high tank pressure (Table 6-IV, Model H,-2B).

2
In configurations similar to that shown in Fig. 6-41, the pres-

sure at the cathode is controlled by the anode orifice which acts as a
sonic nozzle. The pressure at the cathode can then be expressed as
m Jho
P, = (3
c
Y AA
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where P. is the pressure at the cathode, m is mass flow rate, ho is

stagnation enthalpy of the gas, A, is the area of the anode orifice,

and ¥ is a "flow coefficient" Whiﬁh is close to unity. If the mass
flow is fixed, then the pressure at the cathode can be increased by
increasing the stagnation enthalpy of the gas at the exit and by de-
creasing the cross sectional area of the exit orifice. The enthalpy

of the gas at the orifice can be increased by moving the cathode back
from the orifice. However, a limiting enthalpy is soon attained,

whose value is controlled by the wall heat flux rate to the anode

(Ref. 8), Model H2—2E was accordingly designed and built with the
cathode well back from the orifice and the orifice itself reduced

from 1/2 in. to a diameter of 1/8 in. (Fig. 6-42). This engine operated
well at very low mass flow rate but developed very little thrust

(Table 6-1V, Model H2—2E). The low thrust was thought to be caused by
friction forces on the gas as it flowed through the long anode orifice.
Accordingly, the length of the orifice was reduced, as shown in the
insert of Fig. 6-42. Tests on this modified engine indicated that more
thrust was developed, but the overall performance was still very poor
(Table 6-IV, Model H2—2F). It was concluded that the small orifice did
not allow enough interaction of the current with the electromagnetic
field and the small diameter anode approach was thus abandoned.

The next approach to maintaining a high pressure at the
cathode was to place a buffer electrode between the anode and cathode.
This electrode is electrically insulated from the anode and cathode,
but forces the gas and the discharge to flow through a small orifice,

thus maintaining the cathode pressure at adequately high values. The

technique of buffer design had been worked out previously (Ref. 9),
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and the buffer configuration developed at that time was used for this
engine. A second magnet was also added to the rear of the engine

(Fig. 6-43). It was hoped that by bucking this magnet against the ac-
celerating magnet, the discharge could be channeled through the buffer
orifice with little power loss. Initial tests with this configuration
indicated that the second magnet had little or no effect on buffer
performance and heated excessively. Also, the overall engine perform-
ance was still very poor (Table 6-IV, Model H2-4A). In the next modifi-
cation, the second magnet was removed and the length of the anode
orifice decreased (Fig. 6-44). The performance of this engine was quite
good at low mass flow rate and low tank pressure. (Table 6-IV, Model
H2-4B). For this reason only minor changes were subsequently made in

the configuration. These modifications are illustrated in Fig. 6-44.

6.3.1 Low Pressure Tests

A 10-kW buffered-cathode Hall current accelerator of the
design shown in Fig. 6-44 was delivered to the Lewis Research Center for
testing at low ambient (tank) pressures. The accelerator was installed
on a thrust stand in a test facility equipped with twenty 36-in. dif-
fusion pumps and tested at pressures as low as 5 x 10-5 mm Hg, under
the direction of S. Domitz (Ref. 3). The data from these tests are
presented in Tables 6-V and 6-VI.

The thrust stand calibrations were performed by dead-weight
loading to determine sensitivity and by a shorting test to determine
the interaction of the arc and magnet currents with the tank and fixed
current leads. The effect of the Hall currents upon the thrust stand
calibration is discussed in Section 6.5. Drift and zero shifts of the
thrust reading raised some doubt as to absolute accuracy. However,
repeated dead-weight loading of the thrust stand with the accelerator
on and off gave reproducible increments in the thrust reading. Thus,
the precision of the thrust readings is thought to be quite good.

The tank pressure was measured using thermocouple and ionization gauges.
A factor of two was used throughout in order to correct the air cali-

bration of those gauges for use in hydrogen.
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The most significant results of the tests are listed below:

1. To within the precision of the thrust measurement, the thrust
did not change with ambient pressure over the range from
1072 to 5 x 10™ mm Hg (Table 6-V).

2. At constant arc current, magnetic field strength, and mass
flow rate, the applied voltage did not change appreciably
with tank pressure (Table 6-V).

3. Under the same operating conditions, the absolute magnitude
of the thrust was about 40 percent lower than that observed
at the EO0S facility (Table 6-V).

4. As the ambient pressure was lowered to 10-3 mm Hg, the anode
and cathode jets changed in appearance and became distinctly
separated. The anode jet flared out from the anode for a
distance of about 6 inches. The cathode jet increased in
length to about 8 feet and curved toward the tank wall.

The arc formed by the cathode jet appeared to have a radius

of curvature of perhaps 12 feet and ended near the tank wall.

At pressures less than 10-3 mm Hg, the appearance of the jet

did not change.

5. Reversing magnetic field polarity had no effect upon accel-
erator performance or the appearance of the jet.

The fact that thrust and voltage were independent of tank
pressures as low as 5 x 10-5 mn Hg indicates that the possible entrain-
ment of ambient gas into the exhaust stream at high tank pressures
does not appreciably affect performance data. An estimate of the
maximum possible entrained mass flow may be made by computing the

number of particles which enter the interaction region by free dif-

8 m ‘
m (in mks units). @)

For hydrogen at temperatures above 3000K,

fusion:

. P2 ®a Vin - Ap
e 3 JT

B S 4.4 x 1073 ap ,
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where ﬁe is in g/sec, A is in cm2 and p is in mm Hg. Thus, at a sup-
plied mass flow rate of ﬁs = 10-3 g/sec and an ambient pressure of
5 x 10-5 mm Hg, the ratio of total to supplied mass flow rates would

be

ﬁT m_ + ﬁe -4
—=-5 -7 422x10"4A. 5)
ms ms

If it is estimated that the interaction region coincides roughly with
the luminous portion of the anode jet, A < 750 cm2 and mT/ms < 1.15.
Even if the above estimates are somewhat in error, it appears certain
that entrainment of ambient gas has no major effect upon accelerator
performance.

The difference between the absolute magnitude of the thrust
observed in the Lewis Research Center tests and that which was observed
at EOS is not fully understood. The large zero drift and shifts of
the thrust stand at LRC leads one to suspect the accuracy of those
measurements. However, other factors may be responsible for the ob-
served discrepancy.

The long cathode jet which was observed at ambient pressures
less than 10_3 mm Hg suggests the possibility that a portion of the arc
current was being carried by a ground loop which bypassed the accel-
erator anode, Though direct measurement of the anode and cathode
currents close to the accelerator were not made, the two currents were
equal just outside the tank. This indicated that any possible ground
loop was closing within the tank. Experiments were performed in which
the anode was shorted to the tank; the current carried by the short
increased from practically zero at 10“2 mm Hg to about 40 amperes at
pressures of 10_3 mm Hg and less. The applied arc current was 120
amperes during these tests. Thus, even with a direct short from tank
to anode, the ground loop current was only 1/3 of the applied current.
Closing the tank-to-anode short caused the cathode jet to curve more

sharply so that it approached the tank wall closer to the accelerator.
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However, even when the short was carrying 40 amperes, no arc attach-
ment of the cathode jet to the tank wall was observed. By turning off
various sets of the diffusion pumps in turn, it was determined that
the curvature of the cathode jet was not affected by the gas flow pat-
tern in the tank.

A possible interpretation of the long, curved cathode jet
is the following. The probability of volume recombination of ions
and electrons is quite small and much of the recombination might occur
when the ions accelerated in the anode jet strike the tank wall. The
wall is supplied with electrons accelerated in the cathode jet. If
the directed kinetic energies of the electrons and ions were different
downstream of the accelerator, there would be a tendency for electrons
to bend toward the tank more sharply than the ions. Since the accel-
erated electrons and ions would continue to flow downstream in a space
environment, regardless of the rate of recombination, the curvature of

the cathode jet observed in a vacuum tank test will not occur in space.

6.4 Tests of Various Propellants

A series of experiments was performed with hydrogen, helium,
nitrogen, and argon using the 10-kW accelerator shown in Fig. 6-45 in
an attempt to determine the effects of atomic weight and ionization po-
tential on accelerator performance. The results of these tests are
presented in Tables 6-VII and 6-VIII and Figs. 6-46 through 6-51.

The effect of mass flow rate on thrust for the various pro-
pellants is shown in Figs. 6-46 and 6-47. The data indicate that thrust
increases with mass flow for each propellant, though sufficient data
are not available to determine the functional dependence accurately.
Except for a small difference with nitrogen, the thrust appears to be
independent of propellant type. The fact that the thrust approaches
a positive intercept as the mass flow is reduced toward zero may be
explained by the fact that electromagnetic forces should be fairly
independent of mass flow down to very small flow rates. The increase
in thrust with increasing mass flow may be caused by an increase in

aerodynamic forces. The aerodynamic thrust may he approximated by
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_ y-1 /2 - -12 . . 6

PA it <vk hexit) m (1.67 x 10 ~°) (in mks units), (6)

where he it is the static enthalpy of the gas, excluding ionization and
x

dissociation energy. 1If hex' varied inversely with the mass flow rate,

the aerodynamic forces wouldlge proportional to the square root of the
mass flow rate and independent of atomic weight, or roughly of the same
form as the data presented in Figs. 6-46 and 6-47. The effect of mass
flow on thrust was not observed with the accelerator configuration tested
during the first quarter (Ref. 10).

The acceleration efficiency, Tk, is plotted in Fig. 6-48 as a
function of specific impulse for each of the propellants. The rise in
efficiency at very low values of specific impulse is mainly caused by

the fact that, in computing 7 , the stagnation

gas is not added to the supplied electrical energy. Above about 1000
seconds, the efficiency begins to increase with Isp’ as has been observed
with hydrogen, lithium (Ref. 11), and NH3 (Ref. 12). The ratio of
observed acceleration efficiency to frozen flow efficiency (based upon
complete single ionization) for the various propellants is plotted in
Fig. 6-49 as a function of Isp' For reference, the frozen flow effi-
ciency, nfr’ is shown in Fig. 6-50 as a function of Isp for each of the
propellants. Though the present accelerator was developed for use with
hydrogen and the value of TB/TEr at a given ISp was largest for hydrogen,
there is not sufficient data at this time to determine the extent of
accelerator redesign required to improve performance with the other pro-
pellants. The difference in performance obtained with the various pro-
pellants may be inherent in the acceleration mechanisms, and may be
affected very little by changes in engine configuration.

Figure 6-51 is a graph of the observed valugs of VKE/Vo as a
function of 1/Y¥ for each propellant. The symbol VKE designates the
equivalent voltage required to accelerate a singly charged ion to the

observed average stream velocity:

/ N/
Veg = % k% mi) k%}z (in volts) ¢))
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Applied voltage is designated by Vo and ¥ is the dimensionless ratio

of mass flow to arc current:

m, 1 (®

The acceleration efficiency may be written as

()
-12—‘\‘;0— = YU /V) . (9)
Since the kinetic energy flux of the stream is a minimum when the velocity
distribution is uniform, the first law of thermodynamics imposes the
requirement that n, as defined in Eq. 9 be less than unity (so long as
tne enthalpy flux of the supplied gas is negligible in comparison to the
electrical power). It can be seen from Fig. 6-51 that none of the data
violate that condition. However, the data for argon indicate that the
ions are being accelerated to velocities higher than would be attained
after a drop through the total applied voltage (VKE/V0 > 1). Anomalous
values have also been observed in argon by other experimenters (Refs. 10
and 13). The possible mechanisms which could produce such results are
1. Mass entrainment from surroundings, leading to velocities
which are less than T/m.
2. Multiple ionization. (The highest values of VKE/Vo in Fig.

6-51 would be reduced to less than unity only if fourth

ionization occurred.)

Alternating current effects.

4, Multiple collisions with electrons which accelerate the ions
toward the limiting E/B velocity.

Whether the anomalous results are simply caused by mass entrain-
ment could be determined most readily by testing the device at low tank
pressure; a pressure of 10-3 mm Hg or less should be éufficient. Since
multiple ionization results in larger frozen flow losses, the second
mechanism appears undesirable and might be avoided through the use of

either hydrogen or an alkali metal with its high second ionization
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potential. Either the third or fourth mechanism could be exploited
to improve accelerator performance. Alternating current effects
might be enhanced by changing the inductance and capacitance of the
dc power circuit. The collisional acceleration mechanism might be
enhanced by such things as altering the magnetic field configuration
to provide additional electromagnetic containment of the anode jet and
using a propellant of greater atomic weight. 1If it is possible to
obtain values of VKE/VO which are greater than unity, it becomes
important to definitely identify the responsible mechanisms experi-
mentally in order to optimize accelerator performance. Some progress
in this direction has been made analytically by identifying the rota-
tional speed up due to electron collisions as the most likely method
of energy exchange from the electrons to the ions.

The tests conducted with the low-power engines have shed
some light upon the power scaling laws for the accelerator and upon
the design parameters which can improve performance. The results can
be summarized as follows:

1. The overall performance of the best low-power engine was
poorer than that of the high-power engine. This occurred
because the power loss to the engine components of the low-
power accelerator was a higher percentage of the overall
input power.

2. Of all the gases tested, e.g., hydrogen, helium, argon, and
nitrogen, hydrogen exhibited the best accelerator performance.
This is probably due to the occurrence of higher electron
energies in the other gases, which increases the anode power
loss per unit current and leads to the occurrence of multiple
ionization.

3. Many electrode configurations were tested in order to obtain
stable performance and acceptable efficiency at low mass flow
rates. The buffered cathode design was the only one which
permitted us to reduce the mass flow rate below 1 milligram/
second without injecting gas into the vacuum chamber to keep

the ambient pressure up.
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6.5 Experimental Anode Studies

A special test apparatus was designed and fabricated for the
purpose of studying the anode characteristics of the accelerator. The
anode consisted of three identical copper segments which were insulated
electrically and thermally from each other (see Fig. 6-52). These segments
were connected individually through shunts to the power lead so that the
current drawn by each could be measured. The cooling circuit of each
was also connected separately to a flowmeter and thermocouple so that
the power absorbed by each could be found. A pressure tap was provided
in one segment for measuring the pressure in the anode cavity. During
some of the tests, the pressure tap was located in the third segment and
at other times it was located in the first segment. As closely as could
be determined, the pressure was similar at the two positions.

The pressure that was measured in the anode cavity is plotted
versus the gas mass flow rate in Fig., 6-53. If we assume that the gas
is sonic at the exit orifice, then a value for the exit velocity can be

computed from perfect gas theory. As a first order approximation this

is given as:

. Y o "'t
" 1+y u
or
u _ . = 3,65 g —
exit m sec

where p is given in m.m. of mercury and m is in gm/sec. A plot of these
computed values is presented in Fig. 6-54.* These values are considered
to be only approximate, but they do indicate some interesting and impor-
tant trends. First, a considerable amount of energy is transferred to
the gas inside of the anode cavity., Second, the energy per particle
transferred inside of the anode from the discharge to the gas appears
to go through a maximum as the mass flow is decreased.

In order to investigate this phenomenon further, the information

obtained from the energy balance can be used. If we assume that all of

* The pressure used in this calculation was 3 m.m., lower than the
measured value because of an apparent intercept of 3 m.m. at m = 0 in
Fig. 6-53).
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the energy has been transferred to the gas inside of the anode cavity,
it is possible to establish values for the temperature, dissociation and
ionization levels of the gas at the anode exit by using a Mollierpchart.
The point is determined by the intersection of the enthalpy, h = Eg B
and the pressure curves, The information obtained from the Mollier
chart is shown in columns 7-9 of Table 6-IX. We can now compute the
exit gas temperature from the sonic condition, using the values for
jonization and dissociation level found from the Mollier chart

u2,

exit

I+ +mR"

These values are shown in columns 4 & 5of Table 6-IX, Comparing
the values of the average gas temperature computed from these two
independent calculations will give a good indication of the validity
of the assumptions used in the calculations, namely;

1, All of the energy is transferred to the gas inside

of the anode cavity,
2, The gas leaves the anode orifice at sonic velocity.
3. The gas is in thermodynamic equilibrium,

The computed temperatures are plotted in Fig. 6-55 as a function of

elm
m I°
The two values computed for the averafe gas temperature agree

the mass flow non-dimensionalized by the arc current, i.e.,

c s o e

to within about 10% for values of - ?
e] 1 . .

values of = Im less than unity, a sﬁarp divergence between the

two computea temperatures occurs. This would seem to indicate that

el m
I

greater than unity. For

for high values of the mass flow rate, i.e., V= > 1, most of
the energy is transferred from the discharge to the? gas inside of
the anode cavity, and that as W becomes smaller, larger and larger
quantities of energy are transferred to the gas in the exhaust plume,
Further evidence to support this tentative conclusion is found in
Fig. 6-54 where the computed value for the gas exit velocity peaks at

V=1, Also, during the test, it was observed that no structure could
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be seen in the exhaust jet for values of ¥ > 1, but that the white jet
from the cathode* appeared and grew in intensity as the mass flow was
further reduced.

Considerable effort was devoted to conducting experiments
which would throw light upon the factors determining the current density
distribution in the anode. Only limited success was achieved, however,
because of a number of experimental problems and the lack of reproducibility
from one run to the next. Consequently, the data presented in the
following graphs are only representative and no general conclusions
concerning the current density distribution on the anode should be drawn.

The distribution of current to each of the three segments is

plotted versus the total current in Fig. 6-56. The current to each

segment increases linearly with the total current. However, the
fraction of the total current carried by each segment changes, mostly
between the second and third segments, Changing the pressure in the
tank between 50 and 500 p appears to have no influence on the current
distribution among the segments (see Fig. 6-57). Since the pressure
in the anode cavity was about 25 mm of Hg, this is not too good an
indication that the pressure could not affect the distribution if the
tank pressures were raised to values comparable to those in the anode
cavity.

Tests were run in an effort to determine if the strength of
the applied magnetic field had any effect upon the current distribution
to the three anode segments. The results are presented in Fig. 6-58.
At the lower magnetic field strengths the anode attachment appears to
be moving further back so that the first and second segments take the
majority of the current., Over a wide range of field strength, the
current density distribution appears to be relatively independent of
the magnitude of the field. However, at the strongerAfields, the

currents appear to be shifting forward onto the third segment.

® Characteristic of Hall current accelerators, see Ref, 1.

5470-Final 6-81




INIEIND DYV TVIOL SNSYHA INIWINOD INIWOES 9G6-9 °*OId

(sdwo) Y1 * INIYHND JHV VIOL

002

oS

x

XX

<

|
o
?

— 001

oSl

(sdwo) 51 ‘INIHHND LNIWO3S

6-82

5470-Final




JANSSTYd ANVI SNSYAA INIYIND INIWOIS [G6-9 °*91d

(7' * 39nss3ud WNVL

00S oSt 00b (o]+15 00¢ 062 002 0S| [oYo] 05 %
| ] ] T x| N
" 193S ]
B ] »
m
: - ®
Z
_ i m
3
|V v v v [ 2
293S v Q ¢
C
- - P
)
m
" n b4
-
- 1 -
0 0 o o @
ERER 0] e} i =
3
| —oo1 9
™ 7 o
5
| | | _ | | _ | | 3
(]
3



INIYINO TIOD SNSYAA INAMIND INAWOAS 86-9 °OId

(sdwo ) 21 ‘INIH¥ND 110D

0002 006G | - 000! 006G
X X x 1 X X X X o.
— i 938 -

X -
]
\Y
AT —os
O 0! i
- o 0} 0]
2 93S [0} ]
v
- Q 4 Q 4 q -
,.W € 93S o -
- — 001
| |

(sdwp) 5T ‘IN3¥HND LN3IWO3S

-84

6

5470-Final




The manner in which the current density distribution is
influenced by the mass flow rate is probably the most difficult to
determine from the experimental results. One set of data 1is presented
in Fig., 6-59. The trend observed at high flow rates in this figure
was not reproducible and at times the current distribution between
segments two and three reversed. However, in all tests the current
tended to distribute evenly between segments two and three at low mass
flow rates, i.e., m =~ .00l gm/sec.

The fraction of the total power lost to each segment is
shown in Fig. 6-60 as a function of the mass flow rate. Power loss
correlates somewhat with current density but is not proportional to
it. These results are similar to those found in Refs. 1, 9, and 14,
where the power absorbed by the anode could be directly correlated
with the sum of the electron condensation power, 1%, and the convec-

tive heat transfer through a boundary layer.
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6.6 Current Density Measurements

Knowledge of the current distributions downstream of a Hall
current accelerator is important for understanding the accelerating
mechanisms and for optimizing the performance of these devices. The
axial component of the current density is more directly measurable than
the radial and azimuthal components because it is simply related to the
local magnetic field strength. A series of measurements was therefore
undertaken to measure the axial current density distribution and to
substantiate the qualitative observation that the currents flow far
into the region downstream of a Hall accelerator. These experiments
are described in this section.

The axial currents in a Hall current accelerator are the only
source of a tangential component of the magnetic field. For the case
of axial symmetry, derivatives with respect to angular position vanish
and one component of the induction law is given by

D 1[a(rxse) asr]_ | 3CBY)

(VxB) - k = - T kT MOJZ (10)

dr a0

N
where k is a unit vector in the axial direction. The integral form of

Eq. 10 is

plO

Be(r, z) = T Jz (P, z) pdp (11

o K

Thus, measurement of the distribution of Be(r, z) yields Jz(r, z)
through use of either Eq. 10 or Eq. 11.

A water-cooled probe suitable for the measurement of Be(r, z)
is shown in Fig. 6-61 and described in Ref. 15.

The axial current density downstream of the electrodes of an
H2-1 accelerator was surveyed with the probe. The accelerator was

operated with argon under the following conditions:

Mass flow rate of argon 10-4 kg/second

Arc current 400 amperes

Arc voltage 110 volts

Arc power 44 kW
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Coil current 1800 amperes
Tank pressure 0.09 mm Hg
Power absorbed by coolant
Anode 12.3 kW
Cathode 0.6 kW
The magnetic field strength and distribution provided by the coil at a
current of 1800 amperes is shown in Fig. 6-62. The current distribu-
tion which is also shown in Fig. 6-62 follows the field lines closely.

The axial current density distribution was calculated from
the measured Be distribution using Eq. 10. The values obtained are
shown in Fig. 6-63. The measured Be was from 1 to 30 gauss.

There were a number of possible sources of error in the experi-
mental results. Since the probe was swung through the discharge on an
arc of 12" radius rather than being translated rectilinearly, an orien-
tation error was introduced. At the farthest extreme of the discharge,
the probe rotated so that it measured about 91% of BG' The relative
position of the traces obtained during a test and during calibration was
uncertain by about 0.5 cm because of backlash in the position transducer.
In reducing the data, the two traces were realigned to make B, zero at

8
the centerline. The measured distributions of B, were found to be asym-

metric by up to 15% in the cases tested. Lack o? axial symmetry of the
discharge or failure of the probe to respond instantaneously to the local
field (finite skin depth) could have caused the asymmetry. Except near

the axis of the discharge where the field changes rapidly with position,

it is thought that little error was introduced by skin depth effects.

Arc attachment to the probe was a possible cause of asymmetry of the dis-
charge. To investigate that possibility, measurements were also performed
with the probe covered by a boron nitride sheath. Use of the sheath did not
affect the data, indicating that arc attachment was not an important effect
under the conditions tested. Since it is difficult to correct accurately

for other causes of asymmetry, such as curvature of the jet caused by asym-

metrical aerodynamic or electromagnetic forces, the data were reduced by
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averaging the magnetic field distributions observed on either side of
the centerline. Because of these possible sources of error in the
data, it is estimated that the final results for the axial current
density and the axial currents in the anode and cathode jets are
uncertain by about * 25%.

In an axisymmetric discharge, the current is related to the

current density by the relation:

)
1 = [o2m J_ dr (12)
1

Therefore, the distribution of rJZ gives a better physical picture of

the current pattern. The observed values of rJZ are shown in Fig. 6-64.

=3

he area under each curve is proportional to the current. The curves
of rJz in Fig. 6-64 are also shown in Fig. 6-62.

The data substantiate the model of the discharge in a Hall
current accelerator that was deduced on the basis of visual observations
(Ref. 1). The current (positive current) flows downstream from the
anode in a well defined anode jet and returns along the centerline of
the stream to form the cathode jet. As the current in the cathode jet
is essentially parallel to the magnetic field, it is probably carried
mostly by electrons flowing downstream. In the anode jet, where the
electronic mobility is reduced by the radial component of the magnetic
field, the current is primarily carried by the downstream flow of ions.
Radial currents flow from the anode to the cathode jet, causing the
total axial current in each jet to decrease with distance from the
accelerator. The current in each jet, as a function of axial position,
is noted in Fig. 6-64 and plotted in Fig. 6-65. It is seen that the
anode and cathode jets persist far downstream of the electrodes. In
Fig. 6-61 the shapes of the anode and cathode jets aré compared to that
of the applied magnetic field. It is seen that the anode and cathode

jets follow the field lines fairly closely.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Thrust Mechanisms and Measurement

1. In all cases a linear relationship between thrust and arc
current has been measured if all other comtrollable vari-
ables are maintained constant. This relationship has been
found to break down only where the ratio of ion flux rate
to arc current falls below a critical value, i.e., ¥ < wcr'

2. The measured thrust has been found to be independent of the
mass flow rate of the propellant for values of | > V..

3. The measured thrust has been found to remain constant or
to rise as the tank pressure is reduced to values lower
than 10y of mercury.

4. The thrust increased initially as the strength of the
magnetic field was increased. In some cases the rate of
increase dropped to zero at quite low fields and no further
change in thrust occurred as the field strength was increased
beyond this point.

It has been found possible to explain these trends with an
analytic model. In this model the mechanism that contributes the
major amount of thrust is the directed kinetic energy transferred to
the ions in the discharge. Most of this energy is put initially into
ion rotation. A large fraction of this energy later goes into ion
axial and radial ion motion by expansion in the magnetic nozzle. The
analysis also predicts that a one-to-one relationship should exist
between the arc currents and the propellant mass flow rate to obtain
the best accelerator performance. If less than the critical flow rate

of propellant is used, the electron temperature rises and the power
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loss to the anode increases rapidly, decreasing the overall efficiency.
If more than the critical flow rate of propellant is used, the excess
is not ionized and diffuses out of the engine unused, resulting in

poor propellant utilization.

7.2 Electrode Loss Measurements and Mechanisms

1. Whenever measurements were made, it was found that the anode
power loss was approximately proportional to the arc current.

2. The power loss to the anode was found to increase as the mass
flow rate decreased.

3. In some cases the anode power loss increased as the magnetic
field strength was increased. In other cases there was no
change in the anode power as the magnetic field strength was
varied.

4. The power loss to the anode did not appear to depend upon
the pressure in the vacuum tank as it was varied over quite
a wide range.

The above results apply to accelerators where the anode
attachment occurred on the front face. When this happens, the power
transferred to the anode is primarily the power convected into the
anode with the electrons which carry the arc current. The trends dis-
cussed above then indicate:

1. The electron temperature near the anode surface is indepen-
dent of the arc current.

2. The electron temperature decreases somewhat as the mass flow
rate increases.

3. Increasing the magnetic field either increases the electron
temperature near the anode or does not appreciably affect it.

4. The electron temperature at the anode is approximately inde-
pendent of the tank pressure. This indicates that the values
of E/p probably remain constant throughout the accelerator as
p is varied. Such a relationship is consistent with the
observation that the discharge volume decreases as the pres-

sure increases; the voltage meanwhile remaining constant.
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A

Two types of cathode attachment have been observed. In the
gaseous accelerators the arc attached to the tip of a tungsten conme.
In the alkali metal accelerator the arc attached to the cathode on
the outer surface of the cylindrical portion of the cathode. The
power loss to the cathode per unit current was higher in the latter
case by about a factor of four. This indicates that point attachment

should be used whenever feasible.
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